Herpes simplex virus 1 (HSV-1) and varicella-zoster virus (VZV) cause serious central nervous system (CNS) diseases that are diagnosed with PCR using samples of cerebrospinal fluid (CSF) and, during later stages of such infections, with assays of intrathecal IgG antibody production. However, serological diagnoses have been hampered by cross-reactions between HSV-1 and VZV IgG antibodies and are commonly reported in patients with herpes simplex encephalitis (HSE). In this study we have evaluated VZV glycoprotein E (gE) as a new antigen for serological diagnosis of VZV-induced CNS infections. Paired samples of CSF and serum from 29 patients with clinical diagnosis of VZV CNS infection (n ‫؍‬ 15) or HSE (n ‫؍‬ 14), all confirmed by PCR, were analyzed. VZV gE and whole VZV were compared as antigens in enzyme-linked immunosorbent assays (ELISAs) for serological assays in which the CSF/serum sample pairs were diluted to identical IgG concentrations. With the gE antigen, none of the HSE patients showed intrathecal IgG antibodies against VZV, compared to those shown by 11/14 patients using whole-VZV antigen (P < 0.001). In the patients with VZV infections, significantly higher CSF/serum optical density (OD) ratios were found in the VZV patients using the VZV gE antigen compared to those found using the whole-VZV antigen (P ‫؍‬ 0.001). These results show that gE is a sensitive antigen for serological diagnosis of VZV infections in the CNS and that this antigen was devoid of cross-reactivity to HSV-1 IgG in patients with HSE. We therefore propose that VZV gE can be used for serological discrimination of CNS infections caused by VZV and HSV-1.
Herpes simplex encephalitis (HSE) and varicella-zoster virus (VZV) infections of the central nervous system (CNS) are serious diseases with risk of fatality and neurological sequels despite adequate antiviral treatment (14, 19, 21) . PCR, with its high sensitivity and specificity, has improved diagnostics of both of these conditions (1, 19, 20) and is the standard diagnostic procedure, together with detection of a specific intrathecal antibody response (17) . The antibody response gradually increases in parallel with the disappearance of viral DNA in the cerebrospinal fluid (CSF). In HSE patients, the PCR has been shown to be positive in up to 27 days after onset of disease, but the majority are negative after 14 days (1, 25) . In patients with VZV CNS infection, the PCR might be positive in up to 26 days, but many patients are negative after 7 days (7) . A considerable number of patients with VZV CNS infection and a few patients with HSE are diagnosed after viral DNA has vanished from the CSF (7) . At this stage, detection of intrathecal antibody response against the specific virus is required to confirm the diagnosis (6, 25) . For this purpose, the use of specific and sensitive antigens is a prerequisite.
Serological cross-reactivity in HSE patients with findings of intrathecal antibodies to both herpes simplex virus 1 (HSV-1) and VZV have been reported (22-24, 26, 28) , most likely due to shared epitopes on proteins expressed by these two viruses (4, 15) . Another possible interpretation of the presence of antibodies to both HSV-1 and VZV in CSF samples would be a response to dual infections. This was suggested in a study of 46 patients with suspected HSE in which 7/46 patients had both VZV DNA and HSV 1-DNA detected in the CSF samples by qualitative PCR (3) .
To detect antibodies against VZV, either whole-VZV-infected cell lysates or purified glycoproteins are used as antigens (12) . The major viral antigens of VZV are glycoprotein E (gE), gB, gH, and gL (16) , which are structural components of the viral envelope. The use of whole-VZV-infected cell lysates increases serological cross-reactivity since VZV and HSV-1 expose common epitopes on gB and maybe some other proteins (15) . VZV gE is the most abundant viral glycoprotein expressed in VZV-infected cells (18) and has been demonstrated to be highly immunogenic (9) . Moreover, in contrast to gB and some other proteins, gE has a relatively low degree of genetic similarity between VZV and HSV-1. Here, we have utilized VZV gE as an enzyme-linked immunosorbent assay (ELISA) antigen for serological diagnoses of VZV infection in the CNS. This antigen was devoid of cross-reaction with HSV-1 antibodies in the CSF, as judged from samples from patients with HSE. We propose that a VZV gE ELISA is a novel tool for serological discrimination of VZV and HSV-1 CNS infections.
MATERIALS AND METHODS
Patients, their serum and CSF samples, and PCR. Twenty-nine patients with a clinical picture of CNS infection, consecutively sampled at the Virological Laboratory of Sahlgren's University Hospital and all PCR positive in CSF samples against HSV-1 (n ϭ 14) or VZV (n ϭ 15), were included. From these patients, paired serum and CSF samples showing the presence of intrathecal antibodies (for criteria, see below) against VZV and/or HSV-1 in the routine serology were selected for analysis of antibodies to VZV gE. These serum and CSF samples were in most cases collected at later time points in relation to the initial, PCR-positive CSF samples. Clinical data on these patients and samples, including their diagnoses, are presented in Table 1 .
In all 29 patients, CSF samples were PCR positive for VZV DNA (19) (n ϭ 14) or HSV-1 DNA (n ϭ 14) 0 to 4 months before detection of intrathecal antibodies, except 1 patient who was sampled 1 year after VZV DNA positivity. None of the CSF samples revealed the dual finding of VZV DNA and HSV-1 DNA. In addition to PCR analysis of the CSF samples at first lumbar puncture, the later CSF samples showing intrathecal antibodies of the patients with VZV CNS disease were also analyzed for VZV DNA.
Preparations of VZV glycoprotein E and whole-VZV antigen. The VZV gE antigen was prepared as recently described (27) . Briefly, the coding sequence of the extracellular domain (ED) of gE from VZV was cloned into a mammalian expression vector and transfected into CHO-K1 cells. Stable clones were generated, ad production of recombinant VZV gE was screened among the clones, and one good producer was expanded and adapted to serum-free suspension growth and then cultured in a 3-liter stirred-tank bioreactor for production. VZV gE was purified from the cultured supernatant by affinity chromatography, using the His tag.
To compare the purified VZV gE antigens, we used a conventional whole-VZV antigen prepared from virus-infected cellular membranes as previously described (5) . For assessment of virus-specific HSV antibodies, membrane antigen achieved after infection of baby hamster kidney (BHK) cells (HSV-1) was used (11) . HSV-1 and HSV-2 antibodies in sera were typed using glycoprotein G-1 (gG-1) and gG2 antigens (HerpeSelect ELISA IgG; Focus Diagnostics, Cypress, CA).
Immunofluorescence. Analysis of HSV-1 IgM antibodies by immunofluorescence was performed using HSV-1-infected GMK cells according to routine in-house diagnostic procedures of the Virological Laboratory, Sahlgren's University Hospital. Serum samples showing specific fluorescence of infected foci at a dilution of 4 or higher were determined to be positive.
Enzyme-linked immunosorbent assay. Briefly, the ELISAs were performed with different antigen dilutions depending on the type of antigen (1:3,200 of antigen VZV gE, 1:3,000 of whole-VZV antigen, 1:1,000 of HSV type-common antigen). Wells were coated with the given antigen and then incubated with the serum and CSF samples diluted in 2-fold steps followed by goat antibody to human IgG. Next, a substrate solution and diethanolamine buffer were added to Assessment of intrathecal antibody production by sample titration. The presence of intrathecal antibodies to HSV-1 or VZV, one of the inclusion criteria of this study, was determined by the routine method used at our laboratory. Thus, we calculated the serum/CSF sample ratio by measuring the IgG titers of the specific virus by ELISA in serum and CSF samples from each patient, whereafter this ratio was compared with the ratio of corresponding IgG titers against a reference virus (17) in the form of morbilli. Evidence of intrathecal antibody production were CSF findings of IgG VZV or IgG HSV at Ն80 using whole-VZV antigen or type-common HSV antigen, respectively, and a serum/CSF sample ratio of HSV or VZV 4 times lower than the serum/CSF sample ratio of morbillus-reactive IgG. IgG VZV of Ն20 in the CSF samples was the lower limit when VZV gE was used as an antigen (Table 1) .
In addition, the CSF/serum albumin ratio and IgG index, (CSF/serum IgG ratio)/(CSF/serum albumin ratio), were calculated to estimate blood-brain barrier damage and intrathecal antibody production.
Assessment of intrathecal antibody production against VZV by sample dilution to an identical IgG concentration. The CSF and serum sample pairs from the patients with HSE (n ϭ 14) and the patients with VZV CNS infection (n ϭ 15) were further analyzed by diluting CSF and serum samples to an identical IgG concentration. First, IgG concentrations were determined in all CSF/serum paired samples using a human IgG ELISA kit (Novakemi AB, Handen, Sweden). Next, the CSF and serum samples were diluted to an identical concentration of 1 g of total IgG/ml, and 100 l was added to each well for determination of viral IgG by ELISA. All CSF and serum samples were tested in triplicate in plates coated with VZV gE antigen (dilution, 1:2,000) or whole-VZV antigen (dilution, 1:3,000) and tests with standard dilutions of defined antibody-positive and antibody-negative sera were included in each experiment. The plates were read on a spectrophotometer (same as above) at A 450 to A 650 , and the signal was recorded every 2 or 3 min for kinetics and determination of V max (observation range 3 to 30 min) ( Fig. 1 and 2) . At 15 min, most of the expected positive samples had reached their maximum levels (Fig. 1) . Therefore, we choose to compare the OD levels of all samples at this time point. In addition, we assessed the intrathecal antibody production by means of using the formula antibody index of OD CSF / OD serum at 15 min and at V max . An intrathecal antibody production was assumed, with an antibody index of Ն2.0 (8, 24) (Fig. 2) .
Statistics. Paired continuous data (measurements by VZV gE versus whole VZV) were analyzed with paired t test, while paired categorical data were analyzed with the McNemar test using the binomial distribution. Differences in proportions between HSE and VZV patients were tested with the Fisher exact test.
RESULTS
PCR detection of HSV-1 DNA and VZV DNA. All 29 patients with VZV CNS infection (n ϭ 15) and HSE (n ϭ 14) were included based on PCR positivity for their respective virus at the time of diagnosing their disease. The CSF and serum samples that revealed intrathecal antibody production were collected after various numbers of days after the onset of disease. These later samples of the patients with VZV CNS infection were also analyzed with quantitative PCR for detection of VZV DNA. Only a few of them (5/15) were negative, which is in accordance with earlier findings (7), as most of these samples were collected relatively close in time to the first diagnostic lumbar puncture. In the positive samples, quantities of VZV DNA varied between 50 copies/ml and 13 million copies/ml (median, 2,350 copies/ml) ( Table 1) .
VZV and HSV-1 IgG reactivity and assessment of intrathecal antibody production by serum/CSF titer ratios. The results, expressed as reciprocal titers, of the ELISAs using whole HSV-1, VZV, and morbillus antigen are presented in Table 1 . These titers, when calculated as serum/CSF titer ratios, were all Ͻ4 compared to those of morbilli IgG, confirming the presence of intrathecal antibodies to the respective viral agent in all paired samples.
To investigate the eventual cross-reactivity of IgG to the VZV gE antigen in patients with HSE, ELISAs were performed on the CSF and serum samples from such patients and compared to corresponding results with the whole-VZV antigen. Only 4/14 HSE patients had intrathecal production of antibodies with VZV gE antigen, in comparison to production by 11/14 patients when the whole-VZV antigen was used (P ϭ 0.021). In contrast, in the patients with VZV-induced CNS infections, the VZV gE antigen showed sensitivity comparable to that of the whole-VZV antigen, as 14/15 patients had positive results with the former antigen. The patient with a negative result in CSF was sampled 1 year after the onset of VZV disease and PCR positivity, suffering from systemic lupus erythematosus (SLE) with suspected CNS involvement. When the patients with VZV CNS infection were analyzed regarding antibodies to HSV-1, 3/15 patients had intrathecal antibodies. One of these three patients was gG1 negative and gG2 positive in serum samples and had an HSV IgM titer of 80 (i.e., indicative of HSV-2 infection). The two others were HSV gG1 positive and gG2 negative in serum samples. In total, 11/15 patients with VZV CNS infection and 13/14 patients with HSE were HSV gG1 positive in serum samples.
When the IgG index was calculated, 6/15 patients with VZV CNS infection (patients 2, 7, 8, 10, 11, and 13) and 0/14 HSE patients (patients 16, 18, and 22 were not analyzed) showed no intrathecal antibody production. A total of 7/15 VZV patients and 5/14 HSE patients (1 patient was not analyzed) showed no blood-brain barrier damage by the CSF/serum albumin ratio.
Assessment of VZV IgG antibodies in CSF and serum samples by sample dilution to an identical IgG concentration. To further evaluate VZV gE as a specific antigen for detection of CSF antibodies to VZV, CSF and serum samples from all 29 patients were diluted to an IgG concentration of 1 g/ml and analyzed kinetically with both of the VZV antigens (Fig. 1) . Clearly, antibody reactivity to the VZV gE antigen was almost absent in the HSE patients at all observation time points, compared to analysis using the whole-VZV antigen. The lack of reactivity was more pronounced for the CSF samples than the serum samples (Fig. 1) . The highest OD levels recorded at 15 min with the CSF and serum samples of the HSE patients were as low as 0.350 and 0.184, respectively. All other CSF and serum samples showed even lower OD levels (Ͻ ϭ 0.155). In contrast, when samples from the HSE patients were analyzed with whole-VZV antigen, the lowest OD level at 15 min for CSF samples was 0.294, and all the other CSF OD levels were higher (Table 2) .
When samples from the patients with VZV CNS infection were analyzed with the VZV gE antigen at 15 min (Table 2) , the OD levels of CSF and serum samples were similar to the reactivities recorded using the whole-VZV antigen. Only the patient with samples taken 1 year after PCR positivity and SLE (patient 15) showed very low OD levels in both CSF and serum samples. In addition, 4 more CSF samples revealed lower OD levels than the others (patients 1, 2, 3, and 4) when analyzed with VZV gE antigen (in addition, patients 7 and 12 showed low reactivity when estimating titers in the CSF samples [ Table  1 ]). One of these four patients (mentioned above), with only 200 copies of VZV DNA in CSF, was gG1 negative and gG2 positive and showed an HSV IgM titer of 80, serological findings compatible with an HSV-2 CNS infection. Two of these patients were sampled at 113 days and 48 days after onset of disease, respectively, while the sampling date of the last patient was unknown.
Assessment of intrathecal VZV antibody production at 15 min and at V max at an identical IgG concentration. With an antibody index (OD CSF /OD serum ) of Ն2.0 (24) at V max using the VZV gE antigen, no intrathecal antibody production was detected (0/14) in the HSE patients, in comparison to detection in 11/14 patients using whole-VZV antigen. This difference was confirmed with the paired t test (P Ͻ 0.001). Furthermore, the VZV gE antigen demonstrated satisfying sensitivity in the VZV group at this dilution, with 12/15 patients revealing intrathecal antibody production compared to that revealed by 9/15 patients with the whole-VZV antigen, which was confirmed with the paired t test (P ϭ 0.001). The results at 15 min corresponded to the ones received at V max (Fig. 2) . Taken together, we interpret these findings in the following way: the VZV gE antigen was superior to the whole-VZV antigen in detecting intrathecal VZV antibodies in patients with VZV CNS infection, without signs of HSV-1 crossreactivity in the HSE patients.
DISCUSSION
A difficulty with serological diagnosis of viral CNS infections is that the methodology must combine specificity with high sensitivity, since the amount of IgG against the infecting virus in the CSF is relatively small even during convalescence. For this reason, a standard reference method for VZV IgG in serum samples such as using fluorescent antibody to membrane antigen (FAMA) (2) is not suitable. To boost sensitivity, complex ELISA antigens containing a plethora of viral and cellular proteins have often been used, conferring a risk of cross-reactivity between related viruses. Such serological crossreactions between HSV-1 and VZV CNS infections are wellrecognized phenomena (22, 23, 28) . The finding has been described in a substantial proportion of CSF samples from suspected herpesvirus-infected patients using independent methods such as CSF/serum antibody index in ELISA or isoelectric focusing followed by antigen blotting (24) . Here, using patient samples from PCR-confirmed VZV or HSV-1 CNS infections, we present data indicating that purified gE, an immune-dominant VZV envelope glycoprotein, is a highly sensitive and specific ELISA antigen for the detection of intrathecal antibody production against this virus. This was evident when serum/CSF titer ratios and OD CSF /OD serum ratios at identical IgG concentrations were used and was also valid for the five patients that had become VZV PCR negative.
Why does VZV gE provide such specificity as a serological antigen? The reason behind cross-reactions between antibodies reactive with VZV and HSV-1 CSF antibodies when using whole-VZV antigen is most likely due to shared epitopes between VZV gB and HSV-1 gB (4, 13, 15) . When using VZV gE as an ELISA antigen, the problem is probably diminished due to a relatively low degree of similarity to HSV-1 gE (33% identity as demonstrated by a search by BLAST [http://blast .ncbi.nlm.nih.gov/Blast.cgi]). To the best of our knowledge, VZV gE shares no epitopes with any HSV-1 protein.
In serology, the cost of specificity may be a loss of sensitivity. Narrowing down an ELISA antigen from a mixture of viral proteins to a single protein such as gE might carry such a risk. In contrast, the use of the VZV gE antigen for the purpose of diagnosing VZV CNS infections showed good sensitivity (14/15 PCR-positive patients [93%]), as assayed by serum/CSF IgG titers compared to IgG titers of a reference antibody. Furthermore, when we assayed intrathecal antibody production through a dilution of serum and CSF samples to an iden-FIG. 2. Intrathecal antibody production illustrated by the CSF/serum OD ratios at 15 min (A) and at V max (B) of 15 VZV patients with CNS infection and 14 patients with HSE. The total IgG in serum and CSF samples is diluted to identical concentrations (1 g/ml) in all samples and analyzed with VZV gE antigen versus whole-virus antigen by ELISA. The paired t test was used for analysis between VZV gE and whole-VZV antigen. Significantly higher CSF/serum OD ratios were found in the VZV patients at both 15 min and at V max using VZV gE antigen. In the HSE patients, the CSF/serum OD ratios were significantly lower using VZV gE antigen at both 15 min and at V max . a The total IgG in serum and CSF samples is diluted to an identical concentration of 1 g/ml in all samples and analyzed with VZV gE antigen versus whole-VZV antigen by ELISA (data illustrated in Fig. 1 ). tical concentration of IgG and then calculated the CSF/serum OD ratio at V max , samples from 12/15 VSV patients (80% sensitivity) showed positive results. Of the 3 remaining patients, 1 patient was sampled 1 year after VZV PCR positivity during an attack of SLE with suspected CNS engagement, and another (with only 200 VZV DNA copies/ml in the CSF sample) had serological signs of an HSV-2 CNS infection. In addition to these maybe correctly analyzed VZV CSF antibodynegative patients, 3 of the 15 VZV patients revealed distinct lower OD levels in the CSF than the other patients when analyzed with VZV gE (the group represented by the four red lines in the middle of Fig. 1B ). In 2 of these patients, a delay from the onset of disease until the CSF sampling (48 days and 113 days, respectively) might have resulted in lower avidity for the IgG antibodies (10) .
We also noticed that 3/15 of the patients with PCR-verified VZV CNS infection showed intrathecal antibodies against HSV, using a whole-virus antigen. One of these patients, as mentioned above, had serological indications of a concurrent HSV-2 CNS infection that was not verified by PCR. Although we cannot rule out serological cross-reaction also in the direction of VZV antibodies binding to the HSV antigen, the finding of intrathecal antibodies to HSV-1 and HSV-2 in patients suffering from VZV CNS infection seems to be a much less common problem compared to the VZV-cross-reacting antibodies regularly detected in HSE patients.
To further evaluate the intrathecal antibody production, in addition to the conventional method comparing titers to those obtained with a morbillus antigen as mentioned above, we here diluted the serum and CSF samples to an identical IgG concentration (8) and then calculated the CSF/serum sample ratios at V max . The purpose of this method was to assay the antibody reaction at its most dynamic phase. At this time point, the signal differentiated the most between the CSF and serum samples, probably best reflecting intrathecal antibody production. In our opinion, this may be a more sensitive and specific method than calculating the serum/CSF sample ratios of endpoint titers obtained in ELISAs and comparing them to titers of a reference antibody (17) . However, further studies of serological methods on PCR-verified cases of CNS infection seems warranted before a clear recommendation can be made.
In conclusion, VZV gE appears to be a sensitive and specific antigen for the assessment of intrathecal antibody production against VZV, being devoid of cross-reactivity to HSV-1 antibodies in patients with HSE. In addition, we suggest that determining the intrathecal antibodies as a CSF/serum OD ratio at V max after dilution of CSF and serum samples to an identical IgG concentration may be a more precise method than that of calculating the CSF/serum ratios of endpoint titers and comparing the titers to those of a reference virus. Lastly, our results are compatible with a higher avidity of the CSF IgG antibodies to the gE antigen, compared with those reactive with the conventional whole-VZV membrane antigen, and further studies will address the phenomena.
